A sequence database was created for the Leishmania N-acetylglucosamine-1-phosphate transferase (nagt) gene from 193 independent isolates. PCR products of this single-copy gene were analyzed for restriction fragment length polymorphism based on seven nagt sequences initially available. We subsequently sequenced 77 samples and found 19 new variants (genotypes). Alignment of all 26 nagt sequences is gap free, except for a single codon addition or deletion. Phylogenetic analyses of the sequences allow grouping the isolates into three subgenera, each consisting of recognized species complexes, i.e., subgenus Leishmania (L. amazonensis-L. mexicana, L. donovani-L. infantum, L. tropica, L. major, and L. turanica-L. gerbilli), subgenus Viannia (L. braziliensis, L. panamensis), and one unclassified (L. enriettii) species. This hierarchy of grouping is also supported by sequence analyses of selected samples for additional single-copy genes present on different chromosomes. Intraspecies divergence of nagt varies considerably with different species complexes. Interestingly, species complexes with less subspecies divergence are more widely distributed than those that are more divergent. The relevance of this to Leishmania evolutionary adaptation is discussed. Heterozygosity of subspecies variants contributes to intraspecies diversity, which is prominent in L. tropica but not in L. donovani-L. infantum. This disparity is thought to result from the genetic recombination of the respective species at different times as a rare event during their predominantly clonal evolution. Phylogenetically useful sites of nagt are restricted largely to several extended hydrophilic loops predicted from hypothetical models of Leishmania NAGT as an endoplasmic reticulum transmembrane protein. In silico analyses of nagt from fungi and other protozoa further illustrate the potential value of this and, perhaps, other similar transmembrane molecules for phylogenetic analyses of single-cell eukaryotes.
Many microorganisms speciate via clonal evolution. They replicate asexually, with genetic recombination as a rare event.
A typical example among single-cell eukaryotes is the trypanosomatid protozoa (58, 59) , which are mostly parasites, e.g., Leishmania spp. and Trypanosoma spp. Leishmania spp. live extracellularly in the digestive tracts of blood-sucking female sand flies of various species as their vectors and intracellularly in the macrophages of different mammalian hosts, i.e., human, canine, rodent, and other reservoir animals. The complexities of such unusual ecological niches undoubtedly contribute to Leishmania speciation.
A large body of biological, biochemical, immunological, and molecular data (7, 10, 23, 55) exists in the literature suggesting that the genus Leishmania consists of three groups (55) as follows: (i) subgenus Leishmania, which includes species complexes distributed in both the New World and the Old World, e.g., L. major [Leishmania (Leishmania) major], L. tropica, L. donovani-L. infantum, L. amazonensis-L. mexicana, and L. turanica-L. gerbilli; (ii) subgenus Viannia, whose members are restricted to the Neotropics, e.g., L. braziliensis [Leishmania (Viannia) braziliensis] and L. panamensis; and (iii) several unclassified species (3), e.g., L. enriettii. The pathogenic species listed above have long been subjected to diagnostic typing and phylogenetic analyses (15, 23, 49) . They are referred to as species complexes due to subspecies heterogeneity, as shown in some population genetic analyses (26, 29, 51) . The molecular "markers" and methodologies of choice for phylogenetic analyses have been reviewed and discussed in the context of genomic typing for integrating microbial taxonomy, phylogeny, population genetics, and clinical epidemiology (62).
Single-copy protein-coding genes have been used for phylogenetic analyses of Trypanosoma spp., e.g., GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (25, 56) but not extensively for Leishmania spp., e.g., several markers previously used with multilocus enzyme electrophoresis for L. donovani-L. infantum (41) . We have begun to examine nagt, which encodes N-acetylglucosamine-1-phosphate transferase (NAGT), a microsomal transmembrane enzyme in the first step of Nlinked glycan biosynthesis. N-glycosylation of Leishmania gp63 is associated with the stability of this zinc protease as a virulence factor (42) . Wild-type L. amazonensis (LV78) (32, 36) and L. major (Friedlin) contain nagt genes in a single copy per haploid genome without paralogous genes or pseudogenes.
Knockout mutants of nagt are nonviable unless rescued episomally, indicative of the gene's functional indispensability (12) . Previously, nagt sequence heterogeneity compared favorably against restriction fragment length polymorphism (RFLP) assays of mitochondrial or kinetoplast and nuclear repetitive DNAs for groupings of Ͼ50 Leishmania isolates from one endemic area (1) . Sequencing 12 PCR-amplified nagt genes revealed five genotypes within the species complexes expected in that region, i.e., L. infantum, L. tropica, L. major, and L. major variants.
We have expanded the nagt database to a cumulative total of 238 independent isolates largely from the Old World. Phylogenetic analyses of the 26 divergent sequences obtained produced results consistent with additional sequence data from other single-copy genes, i.e., segregation of the genotypes into subgenera and species complexes. Different species complexes vary significantly in subspecies divergence. The incongruity of this divergence with the extent of species distribution may bear on host-dependent selection for Leishmania evolutionary adaptation. The disparity among species complexes in the homozygosity/heterozygosity ratio is notable. This is hypothesized to result from their rare genetic recombination at different times during clonal evolution. The extended fourth hydrophilic loop of Leishmania NAGT, as an endoplasmic reticulum (ER) transmembrane molecule, is rich in phylogenetically useful sites. Trypanosoma and fungal nagt genes are also informative for resolving their taxonomic relationships.
MATERIALS AND METHODS
Leishmania isolates and culture. Independent Leishmania isolates were generously provided by colleagues, either as promastigotes (total, 115) or as DNA samples (total, 78). The origins of these isolates are worldwide, but they are mostly from the Old World (Fig. 1) . Leishmania species names were provided by the donors for ϳ100 samples, including many well-known strains typed by different methodologies. See Table S1 in the supplemental material for a complete list of the isolates, from which 77 were selected to build the nagt sequence database (65 isolates are listed in Table 1 ) (see also http://66.99.255.20/cms/micro /sample%20list.pdf). The Leishmania promastigotes needed for DNA isolation were grown at ϳ25°C in HEPES-buffered (pH 7.4) medium 199 (Sigma) with 10 to 20% heat-inactivated fetal bovine serum plus penicillin and streptomycin (100 units and 100 g/ml, respectively). Two L. tropica (allele combination I/II) isolates (HA06 and U41) from Turkey (1) were cloned on agar plates. Four colonies were grown as cloned populations for the present study.
PCR, RFLP, and Southern blotting analyses. These assays were carried out as previously described (1) . The ϳ1.4-kb nagt and other single-copy genes (see below) were PCR-amplified from genomic DNAs (see Table S2 in the supplemental material for all genes examined, their chromosomal location, PCR conditions used, and products expected; and see Table S3 in the supplemental material for the PCR primers used). nagt was readily PCR-amplified with the L1 (or L1b for the Viannia group)/L4 primer pair as described previously (1) from all 193 samples, except for two, i.e., L. amazonensis variant 6 and variant 17. An alternative NGKF/NGKR primer set was designed for PCR assays of these two samples to obtain the nagt gene-containing ϳ1.8 kb, which was either cloned directly into pGEM-T Easy (Promega) or subjected to nested PCR for nagt with the L1/L4 primer set ( Fig. 2A) . All PCR-amplified nagt genes were first evaluated for new variants by restriction mapping using species-and subspecies-unique sites determined from available sequences by BioEdit (24) (see Fig. 4A ). Samples for PCR amplification of other single-copy genes were selected from those already genotyped as nagt variants. For Southern blotting analyses, isolated DNAs (5 g each) were digested with intragenic single cutters to evaluate nagt as a single-copy gene (Fig. 3A) . The digests were alkali-transferred to a nylon membrane (Hybond-Nϩ; Amersham) and probed with [alpha- 32 (1) .
PCR cycle sequencing. Seventy-seven PCR products of the 1.4-kb nagt gene were cycle sequenced in both strands to completion by using four separate primers (L1 to L4 or L1b to L4 for the Viannia group) ( Fig. 2A) via commercial service facilities. Other single-copy genes were similarly sequenced. See Table S3 in the supplemental material for a list of the sequencing primers used for nagt
FIG. 1. Geographic distribution of 26
Leishmania nagt gene variants (var.). The map contains information from a grand total of 238 Leishmania isolates by including those studied previously (1, 36, Leishmania DB). The 26 variants are grouped by RFLP and sequence analyses as subspecies genotypes (color coded) within each of the 7 species complexes indicated by different symbols:
panamensis. Note that the triangle for L. infantum in the United States denotes three isolates from the foxhounds of a hunting club where visceral leishmaniasis appears to have been transmitted among these locally raised animals by unknown mechanisms but not to the human population (50).
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LEISHMANIA GENE EVOLUTION AND PHYLOGENY 199 and other single-copy genes encoding ferrochelatase, prostaglandin F 2 alphasynthase, zeta-crystalline/NADPH oxidoreductase, and dihydrofolate reductasethymidylate synthase, i.e., genes fc, pgfs, p36, and dhfr-ts, respectively. The nagt gene-containing ϳ1.8 kb (Lnagtϩ; see Table S2 in the supplemental material) cloned in pGEM-T was sequenced with T7 and SP6 vector-specific primers plus L2 and L3. Clones of dhfr-ts and dhfr-tsϩ (see Table S2 and S3 in the supplemental material) were similarly obtained and sequenced. The DNA sequences obtained were verified against their electrochromatograms for both strands, assembled, and aligned by using Clustal X (57). Phylogenetic analyses. nagt sequences were used in equal lengths of 1,324 bp (nucleotide [nt] 37 to 1360) or 441 amino acids (aa 13 to 453), except for two, i.e., the L. turanica and L. enriettii nagt genes with a codon deletion and insertion, respectively. Phylogenetic analyses of the aligned sequences were done as described previously (17, 18) by using different algorithms of Clustal X (57), BioEdit (24) , and/or MEGA (version 2.1) (35), i.e., the Kimura 2-parameter neighbor-joining method, maximum likelihood, maximum parsimony, UPGMA (unweighted pair group method with arithmetic mean), and minimum evolution. Bootstrapping was done with 1,000 replicas where applicable. The minimumevolution and maximum-parsimony algorithms in MEGA were used for phylogenetic analyses of the nagt sequences from 26 Leishmania genotypes together with four Trypanosoma and several other parasitic protozoa and also from 17 fungal species from GenBank (see below). For genealogical analyses, statistical parsimony in TCS (v. 1.21) (13) and median joining in Network (v. 4.1.1.2) software were used (3). Genetic distances were calculated using the Kimura 2-parameter model in MEGA. Phylogenetic analyses of other single-copy genes, i.e., fc, pgfs, p36, and dhfr-ts, were similarly carried out by using one or more of the above-mentioned programs.
Hypothetical model and motif predictions of Leishmania NAGT as an ER transmembrane protein. This model was constructed by using five different topology prediction programs (DAS, HMMTOP, TMHMM, TMpred, and TOPpred) in ExPASy proteomics tools (http://ca.expasy.org/tools/). Topology of the Leishmania NAGT is defined by the ϳ10 transmembrane hydrophobic domains and manually fine-tuned according to the hamster NAGT model (66) . The protein families (Pfam) database (http://www.sanger.ac.uk/Software/Pfam/) was searched for consensus motifs of Leishmania NAGT, yielding 24 representative proteins of the eukaryotic glycosyltransferase 4 family. Conserved and nonconserved amino acid substitutions were determined using Blosum-80 or Blosum-62 
RESULTS
PCR amplification of nagt genes from 193 independent isolates and other single-copy genes from selected samples. (i) nagt. Using the L1/L4 primer set ( Fig. 2A) for PCR, a single product of the expected size (ϳ1.4 kb) was amplified from all samples of the Leishmania subgenus examined (Fig. 2B) , except for L. amazonensis variant 6 and variant 17 ( Table 1 , genotypes 2 and 3). Interestingly, the inability of the L1/L4 primer to PCR-amplify the nagt sequence from these two samples is not due to sequence heterogeneity in their 5Ј and 3Ј regions, corresponding to the primers used. Rather, it is apparently due to a diversion of the primers to spurious annealing sites in the non-nagt region. For these two samples, nagt was obtained with the alternative primers NGKF and NGKR, designed from the 5Ј and 3Ј flanking regions of the L. amazonensis nagt gene (Table 1 , genotype 1, and Fig. 2A ) (36) . We focused on an ϳ1.8-kb band among the multiple PCR products amplified with this set of primers (data not shown) because this size was expected for the specific product (Lnagt ϩ ; see Table  S2 in the supplemental material) (36) . Using this template for nested PCR amplification with the L1/L4 primers, the 1.4-kb nagt DNA fragment was obtained from both samples. The authenticity of the obtained products was verified by direct sequencing of the nested PCR product from L. amazonensis variant 17 and by sequencing of the ϳ1.8-kb PCR product from L. amazonensis variant 6 after cloning into the pGEM-T vector. The latter thus provided a complete ORF of nagt plus its flanking regions. Notably, the 5Ј and 3Ј ends of this variant 6 nagt are almost identical in sequence to L1 and L4, except for a single base substitution at nt 1399 of the ORF (within the Table 1 for L. amazonensis, L. infantum, and L. donovani designated as genotypes 1, 5, and 9, respectively.
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LEISHMANIA GENE EVOLUTION AND PHYLOGENY 201 L4). In addition, the 5Ј (250-bp) and 3Ј (143-bp) flanking regions of the L. amazonensis and L. amazonensis variant 6 ( Table 1 , genotypes 1 and 2) were highly similar, except for two nucleotide deletions in the 5Ј flank and a single base insertion in the 3Ј flank. PCR amplification of nagt genes from the members of the Viannia group was successful only with the L1b/L4 primer set but not with the L1/L4 primer set ( Fig. 2A and see Vnagt and Lnagt in Table S2 in the supplemental material;). This is expected, since L1 and L1b differ in 7 out of 20 nucleotide positions. These primers serve for subgenus-specific PCR amplification of nagt genes from the L. (Leishmania) subgenus and the L. (Viannia) subgenus groups, respectively. The L1/L4 primer set successfully PCR-amplified nagt from L. enriettii, classified with neither of these two subgenera. By using either of the two primer sets, we were unsuccessful in attempts to PCR-amplify the nagt sequence from lizard Leishmania (L. tarentolae) (data not shown). The L1/L4 primer set was originally designed from the nagt sequence of L. amazonensis of Brazilian origin (36) . Its ability to PCR-amplify nagt genes from both New World and Old World members of L. (Leishmania) but not those of L. (Viannia) is consistent with the taxonomic grouping of L. amazonensis-L. mexicana into the former subgenus, even though it coexists with Viannia in Neotropics.
(ii) Other single-copy genes. A total of 27 ferrochelatase (encoded by the fc gene), 8 dihydrofolate reductase-thymidylate synthase (encoded by the dhfr-ts gene), 18 zeta-crystalline/ NADPH oxidoreductase (encoded by the p36 gene), and 10 prostaglandin F 2 alpha-synthase (encoded by the pgfs gene) genes were PCR-amplified from representatives of the nagt variants. These single-copy genes could not be PCR-amplified as readily as nagt. Different primers and PCR conditions required to complete the list were not pursued further.
The genes under study are single copied per haploid genome. This was done to provide crucial evidence for the lack of paralogy among the investigated genes. The status of nagt as a single-copy gene has been previously established for L. amazonensis (LV78; genotype 1 in Table 1 ) (32, 36) and L. major (Friedlin), used for the genome project. Genomic DNA from selected samples was digested with the restriction enzyme SacII, which cuts once at nt position 1219 in all nagt sequences of the Leishmania subgenus examined (Fig. 3A) . Hybridization of SacII digests of the genomic DNAs with the labeled ϳ1.4-kb L. amazonensis nagt gene probe revealed no more than two bands with expected relative intensity (Fig. 3B) , indicative of nagt as a single-copy gene per haploid genome in all representative samples examined. Analyses of additional restriction enzyme digests supported this conclusion (data not shown). Those from L. tropica (I/II) (Fig. 3B, lanes 8 and 9) , L. donovani-L. infantum (Fig. 3B, lanes 1 to 3 and 10 ) and L. major (Fig. 3B , lanes 4 to 6) produced one heavy band (ϳ4 kb, ϳ7 kb, and 1.5 kb, respectively) and one light band (ϳ3 kb, ϳ1.3 kb, ϳ6 kb, respectively; visible after prolonged exposure), as expected from the location of the SacII site 182 bp upstream of the stop codon of the nagt ORF (Fig. 3A) . The fragments observed for L. major and L. infantum are consistent in size with those expected from their genomic database sequences (LmjF 36.4180 and LinJ 36_20005090_v20, respectively). Two fragments (ϳ3 kb and ϳ0.9 kb) were observed for the genomic DNA of L. amazonensis (Table 1 , genotype 1 and Fig. 3B , lane 7) and (ϳ1.2 kb and ϳ0.2 kb, respectively) for the PCRamplified nagt DNA fragment from this species (Fig. 3B, lane  13) . These results are also consistent with sequence data published previously (36) . L. amazonensis variants 6 and 17 are different from L. amazonensis, giving a single band of ϳ8 kb (Fig. 3B, lane 11 to 12 versus lane 7) . SacII digestion of these two samples was complete, and no additional signals emerged after overexposure of the blot. There is no evidence for the presence of an additional copy of nagt in these or in any other Leishmania samples examined. The single-copy status was similarly verified for the fc and pgfs genes (data not shown). The well-characterized genes dhfr-ts and p36 are known to be single-copy genes (30, 37) .
RFLP and sequence analyses of PCR-amplified nagt recognize 26 genotypes. Construction of restriction maps began with six original nagt sequences published earlier (1, 36) . The L. braziliensis sequence from GenBank was subsequently included. The analysis was continued for 193 PCR-amplified 1.4-kb nagt DNA samples. The RFLP patterns obtained allowed grouping of the isolates as follows:
braziliensis, 2 of L. panamensis, and 1 of L. enriettii (Table 1 and see Table S1 in the supplemental material). Twenty six nagt variants were established by restriction mapping as distinct genotypes (Fig. 4A and B) . Their differences were verified by sequencing. Also sequenced were many additional samples from isolates that appeared identical by RFLP but differed in their origins (geographic areas, animal sources, and years in which they were isolated) and/or their cutaneous leishmaniasis (CL) and visceral leishmaniasis (VL) disease phenotypes. Based on these analyses, a sequence database of nagt genotypes from 77 isolates was built (65 of the 77 isolates are listed in Table 1 ).
Sixteen of the 26 nagt genotypes (Table 1 , genotypes 4 to 6, 8 to 12, 14 to 18, 20, 22, and 25) were obtained from multiple independent isolates (the actual number of isolates is indicated in parentheses after each genotype listed in Table 1 ). All isolates within each of these 16 showed identical nagt RFLP patterns, and their identities were further verified by sequencing analysis of 2 to 9 isolates from each genotype. Each of the remaining 10 variants was represented by a single isolate. These were validated rigorously by PCR and sequencing of different batches of the same isolates from the original sites or donors (especially for genotypes 2 and 3, as shown in Table 1 Fig. 6C and Fig. S1 in the supplemental material).
Sequence divergence of the Leishmania nagt and other single-copy genes. Alignment of the 26 nagt gene sequences revealed no gaps, except for a codon deletion of G-118 in L. turanica and a codon insertion of R after S-302 in L. enriettii (Fig. 5, green and pink arrows) . In addition, a point mutation was observed in the C-terminal region of the L. amazonensis Table S4 in the supplemental material). Similar results were obtained from such analyses of four additional single-copy genes available, i.e., 24 fc, 16 dhfr-ts, 13 pgfs, and 16 p36 (data not shown).
Subspecies divergences of nagt genes vary significantly with different species complexes ( Table 2) . A similar intraspecies divergence within each complex is noted also from the values of their genetic distances, as follows: (Table 2) . Intraspecies divergence of the fc gene sequences measured by distance anal-
FIG. 4. Restriction maps constructed to discriminate 26 nagt genotypes (A) and AccI digests of PCR-amplified nagt genes to separate four Leishmania subgenus groups (B). The RFLP maps were based on 26 nagt gene sequence variants and verified by evaluating 193 independent samples for subgenera, species, and subspecies genotyping or differentiation. AccI (A) and BbeI (Bb) RFLPs of the PCR-amplified nagt gene differentiate species complexes L. amazonensis-L. mexicana, L. donovani-L. infantum, L. major, L. tropica, L. turanica-L. gerbilli, L. braziliensis-L. panamensis, and L. enriettii.
Restriction sites shown to discriminate species and subspecies genotypes are A, AccI; Al, AlwI; Av, AvaII; B, Bsp1286I; Bb, BbeI; Bm, BmgBI; Br, BsrBI, H, HinfI; Hp, HpyCH4III; M, MseI; Na, NaeI; Nc, NciI; S, StyI; Sg, SgrAI; T, Tsp509 I; Ts, Tse I. ‫,ء‬ indicates the restriction site for one of the two alleles due to heterozygosity, as indicated by Roman letters. Not shown in the two L. braziliensis genotypes are many TseI sites, except for the one which discriminates the two. Fig. 6B. yses also showed the highest and the lowest values for L. tropica and L. donovani-L. infantum, respectively (data not shown). The intraspecies nucleotide polymorphisms resulted largely in silent mutations, especially in the case of L. major (Table 2) .
Allelic sequence heterogeneity (heterozygosity) of nagt is prominent and apparently genome wide in the L. tropica complex. Direct PCR cycle sequencing of nagt from 20 isolates classified as L. tropica revealed seven diplotype variants (Table  1 , genotypes 16 to 22). In two cases, i.e., L. tropica (I/II) and variant 14 (IV/VI), the DNA sequence traces contained 7 and 14 overlapping nucleotide positions, respectively (see Table S5 in the supplemental material, allele combinations are shown as I/II and IV/VI). These double peaks were subsequently found to persist in samples from cloned cell populations of L. tropica (I/II). The seven heterozygous sites are thus present in the same individual cells but not in different cells of a mixed population. Since nagt is present as a single-copy gene per haploid genome and Leishmania are diploid, the double peaks represent allelic differences (heterozygosity). No overlapping peaks appeared in the remaining five diplotypes, hence indicative of their nagt homozygosity, i.e., L. tropica I/I, III/III, IV/IV, V/V, and VII/VII (Table 1 , genotypes 17 to 21). The findings of homozygous isolates, i.e., L. tropica I/I and IV/IV, allow us to infer the sequences of alleles II and VI in the heterozygous allelic "recombinants" of I/II and IV/VI. It is also possible to predict the potential existence of homozygous "recombinants" of II/II and VI/VI, although they have not been encountered so far. Hypothetical combinations of all seven haplotypes increase the total to 28 diplotypes in this species complex. The 7 and 14 heterozygous sites in L. tropica (I/II) and variant 14 (IV/VI), respectively (see Table S5 in the supplemental material), result in three and four aa substitutions, respectively, between the alleles in these genotypes (Fig. 5 , double black and gray arrows). Allelic nucleotide differences were also observed in two to four sites of nagt sequences in L. major variant 5 (I/II) and L. braziliensis variant 4 (I/II) (data not shown and cf. Fig. 6D ). Heterozygosity was also noted in sequences of dhfr-ts and fc from L. tropica (I/II) and variant 14 (IV/VI) (not shown), indicating that it is not limited to nagt, at least in this species complex.
Possible chimeric nagt in L. amazonensis variant 17. In this isolate, the bulk of the 5Ј region of the nagt gene (1,132 bp from nt position 37 to nt position 1178, excluding the PCR (Fig. 6B) . Analyses of additional single-copy genes available, i.e., dhfr-ts, fc, p36, and pgfs produced trees with similar topology at the species level (see Fig. 6C for fc and see Fig. S1 in the supplemental material for the rest). The separation of the Leishmania and Viannia groups, as well as the species complexes therein, agrees completely with the data from similar analyses of other protein-coding genes (14, 27, 39, 44) and internal-transcribed-spacer (16) sequences.
Incongruence between the Leishmania nagt gene-based grouping and the CL/VL disease phenotype of the isolates is noted, i.e., the coexistence of subspecies variants with different disease phenotypes in the same species complex and, more strikingly, the same genotype from different disease phenotypes (Table 1 ). In the L. donovani-L. infantum complex, for example, we observed a nagt genotype of L. infantum with both CL and VL phenotypes, isolated from southern Turkey (Table  1 , genotype 5, strains OG-VL and Adana #7) (54) . Another one is L. infantum variant 7, which shows CL exclusively in western China (38) but VL in eastern China (Table 1 , genotype 8, strains KXG-LIU and Shandong).
Phylogenetically useful sites of Leishmania nagt sequences. These are unevenly distributed, as noted from amino acid substitutions in the NAGT polypeptide chain presented as a putative ER transmembrane model (Fig. 5) . Of the ϳ130 aa substitutions present among the 26 sequences (Fig. 5, solid  circle) , a majority, that is, two-thirds (ϳ93), appears to occur in the hydrophilic loops, especially the longest fourth and the adjacent one. The fourth loop is unique to Leishmania, since it is truncated in the NAGT of Trypanosoma (Fig. 5 ) and other eukaryotes (not shown). The remaining one-third of the substitutions (ϳ37) are dispersed throughout the hydrophobic domains. In addition, nonconserved substitutions are almost three times more frequent in the hydrophilic loops (ϳ66) than in the transmembrane segments (ϳ24) (Fig. 5, solid red circle) .
Leishmania intraspecies divergence. The 26 nagt haplotype sequences were further subjected to genealogy analyses by statistical parsimony (13) (Fig. 6D ) and median-joining analyses (3) (see Fig. S4 in the supplemental material). Both algorithms sorted the 26 sequences into independent networks of their respective species complexes ( Fig. 6D and see Fig. S4 in the supplemental material). This result provides further confirmation of the phylogenetic grouping of the 26 variants presented in Fig. 6A through C. There are four heterozygous genotypes or "recombinants" (Fig. 6D, subspecies [1] , [2] , and [6] , and see (Fig.  6D , dotted oval, and see Fig. S4 , faded letters, in the supplemental material). The presumed "parental" variants for the "recombinants" (lined arrows) are not necessarily close to each other evolutionarily (Fig. 6D and see Fig. S4 in the supplemental material), but they colocalize geographically, as shown by the coexistence of the L. tropica variant 2-1 (IV/IV) and variant 14 (IV/VI) from Kenya and by L. tropica (I/I) and (I/II) from Asia and the Middle East (Fig. 6D) (1) . Preliminary genealogical analyses of the eight fc sequences available for the most divergent L. tropica complex yielded results which supported the observation of a distant relationship between the "parental" variants, although the genealogy of the subspecies variants is not entirely identical in topology to that derived from the nagt sequences (not shown). This situation was noted previously in similar analyses of five different single-copy genes for the subspecies genealogy of L. donovani-L. infantum (41) . In the present study, while the levels of intraspecies divergence are clearly reflected in the number of polymorphic sites and the values of genetic distance observed in the investigated VOL. 6, 2007 LEISHMANIA GENE EVOLUTION AND PHYLOGENY 205 species complexes, the conclusions about evolutionary relationships of genotypes within each complex remain tentative, pending further analyses of additional sequences for more informative sites.
There is discordance between the subspecies divergence of nagt sequences within the species complexes (Table 2 and Fig. S2 , maximum parsimony bootstrap tree, in the supplemental material). Similar results were also obtained by such analyses of four additional single-copy, conserved gene sequences (C) for the fc gene (also see Fig. S1 , genes dhfr-ts, p36, and pgfs, in the supplemental material). (D) Genealogical analyses: 26 Leishmania nagt allelic haplotype sequences grouped by using statistical parsimony with TCS (version 1.21) at a 93% confidence level, indicative of relatedness among subspecies variants and predictive of a hypothetical ancestor for each network (square box). Hexagonal box, allelically heterogeneous variants observed. The numbers of lines between nodes denote evolutionary events of substitutions between named genotypes. Faded letters in dotted oval represent hypothetical parental homozygotes.
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WAKI ET AL. EUKARYOT. CELL support this observation from nagt data discussed below. The L. donovani-L. infantum complex is geographically very wide spread ( Fig. 1 ), but it is relatively homogeneous genetically, with the range of intraspecies genetic distances from 0.002 to 0.005 and only eight polymorphic sites (Table 2) found among five homozygous genotypes (see Table 1 , Fig. 6D , [4] , and Fig.  S4 , [3] , in the supplemental material). In contrast, the L. tropica complex is geographically more restricted (Fig. 1) , but it is the most divergent, with intraspecies genetic distances varying from 0.001 to 0.016 and 29 polymorphic sites (Table 2) among two "recombinants" (see Table 1 , Fig. 6D , [1] , and Fig.  S4 [1] , hexagon, in the supplemental material) and five homozygous genotypes. The remaining species complexes present a picture intermediate between these two species complexes. The L. major complex is nearly as widely spread (Fig. 1) as L. donovani-L. infantum but is less divergent (Fig. 6D, [2] , and Fig. S4 [2] , with its four variants including one "recombinant" [hexagon] , in the supplemental material). Closely related to L. major is the L. turanica-L. gerbilli complex, which contains nonpathogenic parasites of the great gerbil (Rhombomys opimus) (Fig. 6B ). This complex is rather restricted in distribution ( Fig. 1 ) and consists of two quite divergent members (Fig. 6D , [3] ). Restricted to Neotropics is the L. braziliensis-L. panamensis complex (Fig. 1) , which includes both types of genotypes (Fig. 6D , [6] ). Genetic diversity of the Viannia group is underscored by a high level of sequence heterogeneity obvious by examining only a few isolates. Most interesting is the finding that the L. amazonensis-L. mexicana complex has two genotypes from Asia ( Fig. 1 and Table 1, genotypes 2 and 3) , including what appears to be a chimeric hybrid with L. donovani-L. infantum, in addition to the two genotypes from Neotropics (Table 1 , genotypes 1 and 4) (Fig. 6D , [5] , and Fig. S4 , [4] , in the supplemental material). It should be emphatically stressed that exceptional caution was exercised to exclude any technical or human errors, such as sample mix up, to ascertain that the Asian origin of the two L. amazonensis variants was real.
In fact, this finding should not be that surprising, except for the nomenclature of this species complex, considering the phylogenetic grouping of L. amazonensis-L. mexicana with other species complexes of the Old World (Leishmania).
DISCUSSION
Leishmania nagt sequence database for phylogenetic analyses. We have identified 26 nagt genotypes (19 from this work) by sequencing 77 PCR-amplified nagt genes selected from a total of 238 independent isolates (193 from this study). These genotypes represent true nagt gene divergence of the samples examined, since data collection and analyses are greatly facilitated by several favorable factors, i.e., the ease of nagt PCR amplification (Fig. 2) , the absence of paralogous genes (Fig. 3) , the precision of sequence-based RFLP analyses of the PCR products (Fig. 4) , and the unambiguous alignment of nagt sequences (Fig. 5) . Although the sample size examined here is not small, sample collection is inevitably biased by its accessibility or availability, which favors Asian isolates from the Old World, in this case. Thus, analyses of additional samples will undoubtedly uncover new genotypes, especially among those that are under-represented from the Viannia group in the present study. The database presented for the Old World Leishmania subgenus is sufficiently robust, especially in conjunction with those from additional single-copy genes.
Genes encoding transmembrane molecules, such as nagt, are useful, albeit previously untapped phylogenetic markers. Consistent with previous findings based on other protein-coding (39) and nonprotein-coding sequences (16, 47, 64) , phylogenetic analyses of the 26 nagt sequences used segregate the isolates into expected genera and species complexes (Fig. 6A and B and see Fig. S2 in the supplemental material) . The phylogenetic trees obtained are identical in topology to those obtained from additional single-copy genes from selected samples in the present study, i.e., dhfr-ts, fc, p36, and pgfs (Fig. 6C and Fig. S1 in the supplemental material) . The location of these additional genes on different chromosomes (see Table S2 in the supplemental material) strongly implies that the phylogenetic relationship of the genotypes deduced is genome wide but not limited to the nagt site.
The phylogenetically useful sites of Leishmania nagt are localized mostly in a ϳ500-bp section of this ϳ1.4-kb gene, corresponding to the putative fourth and sixth hydrophilic loops of the trans-ER membrane enzyme (Fig. 5) . Divergent sites of the nagt sequences in other single-cell eukaryotes, such as fungi, are also informative for phylogenetic analyses (see Fig. S5 in the supplemental material). In other genes encoding cytosolic enzymes, e.g., dhfr-ts, p36, fc, and pgfs, the phylogenetically useful sites are dispersed randomly throughout the ORF. The advantage of the Leishmania nagt gene is, thus, its utility for PCR amplification of only a small section of this sequence (ϳ500 bp) to yield the maximal number of informative sites. This is of practical importance in avoiding in vitro isolation and cultivation of parasites, which is cumbersome, not always successful, and potentially selective for cultivable stocks. It is possible to envision the use of a battery of genes encoding similar transmembrane molecules in this way for phylogenetic analyses of single-cell eukaryotes toward the goal of genome taxonomy.
Leishmania subspecies divergence and evolutionary adaptation. Within the Leishmania subgenus, there is a lack of correlation between intraspecies divergence and geographic distribution of the species complexes. Namely, the less divergent L. donovani-L. infantum and L. major complexes are widely distributed, whereas the more divergent L. tropica and L. turanica-L. gerbilli complexes are geographically restricted (see Fig. 1, Fig. 6D, and Fig. S4 in the supplemental material; also see Table 2 ). The latter scenario appears true for the Neotropic-restricted L. (Viannia) subgenus on account of the great intraspecies divergence seen among the few samples examined in this study. The observation may have relevance to the evolutionary adaptability of Leishmania to a new environment subsequent to the organism's dispersal but not to the dispersal mechanisms per se. Since Leishmania are vector-borne obligate endoparasites, their clonal evolution may be driven by two sets of direct pressures: (i) primarily, the internal microenvironments of their long-term residence (months to years) intraphagolysosomally in the macrophages of the mammalian hosts/reservoirs; and (ii) secondarily, their short-term residence (up to several weeks) in the fly gut. Vector-or reservoirparasite specificity has long been considered to be the apparent factor limiting the distributions of leishmaniasis. The external macroenvironments are relevant to the evolution of reservoirs VOL. 6, 2007 LEISHMANIA GENE EVOLUTION AND PHYLOGENY 207 and vectors but exert no direct pressures on Leishmania, especially when they are in homeothermal mammalian hosts. While the precise nature of the host-dependent selective pressures remains to be defined, reservoirs are most pertinent to Leishmania evolution, since leishmaniasis is fundamentally a zoonotic disease. Reported cases of anthroponosis are based on the negative finding of animal reservoirs and are limited to few specific geographic sites, e.g., kala-azar, caused by Indian L. donovani, and CL by L. tropica in Asia but not in Africa.
Genetic changes of isolates due to geographic isolation or genetic drift are demonstrable more readily in the fast-evolving sequences, e.g., microsatellite DNA markers (45, 52) .
Contributions of genetic recombination to Leishmania evolution?
There is a notable disparity of different species complexes in the frequency of the heterozygosity encountered. Heterozygosity is more prominent among the extant genotypes of L. tropica, as observed here and previously (51, 53) , than among those of L. donovani-L. infantum (41) . This may result from different timelines for the event of "recombination" to occur in different species. Genetic recombination is thought to occur at a low rate in Leishmania (48), as found experimentally in Trypanosoma spp. (19, 20) . Leishmania sequence analyses show hybrid and nonhybrid genotypes reminiscent of those seen in T. cruzi (40, 63) , suggestive of "genetic exchange." Its contribution to Leishmania evolution may be suggested, as heterozygosity results in amino acid substitutions in multiple genes of functionally important enzymes, as shown here at least for L. tropica (Fig. 5) .
Interspecies recombination is hinted at by the observation of a chimeric nagt sequence in a single isolate as a hybrid of L. amazonensis-L. mexicana and L. donovani-L. infantum, i.e., L. amazonensis variant 17 ( Fig. 6B and see Fig. S3 in the supplemental material). Heterologous species hybrids have also been reported to occur between L. major and L. arabica (33) and between L. braziliensis and other Viannia species (4, 6, 8, 61) . Such hybrids could result in a chimeric sequence by anomalous chromosomal breakage/joining (8) . Meaningful genetic implications of such interspecies hybridization and chimeras await further investigation.
Incongruity of Leishmania speciation and disease phenotypes. This observation has long been reported for the Leishmania subgenus (1, 2, 5, 22, 31, 34, 46) . Although host genetics may be involved (9, 43) , the inherent differences of the causative agents remain to be significant contributing factors. Differential acquisition of "pathogenic islands" laterally by the same genotype is a possibility, but there is no evidence for this. Although no genetic marker is available to discriminate CLfrom VL-specific isolates (60), A2 (65) and K39 (21) repeats have been related to "visceralization" of Leishmania relevant to immunopathology (11) . Of interest is the elucidation of the mechanism by which the expression of these and other phenotype-specific genes is differentially regulated in VL and CL isolates of an identical genotype apparently independent of Leishmania speciation.
We demonstrate here for the first time the potential utility of single-copy genes encoding transmembrane versus soluble enzymes for phylogenetic analyses of eukaryotic protists. Such analyses of trans-ER nagt genes from Ͼ200 Leishmania samples readily group them into taxa of an expected hierarchy, revealing considerable variations in subspecies divergence and evidence of heterozygosity in L. tropica, resulting in changes at the protein level. Further analyses of this and additional sequence databases will bear on Leishmania evolution and mechanisms of their recombination crucial for elucidating the clinical epidemiology of leishmaniasis and the control measures against these wide-spread diseases.
ADDENDUM
Two articles, which came to our attention after the acceptance of this report, contain information of relevance to the present discussion. One article describes the L. major-L. infantum hybrid strains isolated originally from human immunodeficiency virus (HIV)-positive patients in Portugal (49a). This finding is supportive of our proposed existence of putative L. infantum-L. amazonensis hybrids, although our cases involve different parental species and have no record of coinfection with HIV. The very low subspecies divergence among different genotypes in the L. donovani-L. infantum complex that we noted is consistent with data presented in another article based on the examination of a different set of protein-coding gene sequences (64a) . In that article, subspecies variants were found geographically segregated into Indian, African, and Mediterranean groups within this species complex (64a). This conclusion is not inconsistent with our data presented in Fig. 6D , [4] , by excluding some isolates from China, Brazil, and the United States.
